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Abstract
Background: The relationship between cholera and climate was explored in Africa, the continent
with the most reported cases, by analyzing monthly 20-year cholera time series for five coastal
adjoining West African countries: Côte d'Ivoire, Ghana, Togo, Benin and Nigeria.
Methods: We used wavelet analyses and derived methods because these are useful mathematical
tools to provide information on the evolution of the periodic component over time and allow
quantification of non-stationary associations between time series.
Results: The temporal variability of cholera incidence exhibits an interannual component, and a
significant synchrony in cholera epidemics is highlighted at the end of the 1980's. This observed
synchrony across countries, even if transient through time, is also coherent with both the local
variability of rainfall and the global climate variability quantified by the Indian Oscillation Index.
Conclusion: Results of this study suggest that large and regional scale climate variability influence
both the temporal dynamics and the spatial synchrony of cholera epidemics in human populations
in the Gulf of Guinea, as has been described for two other tropical regions of the world, western
South America and Bangladesh.
Background
Epidemics of new and old infectious diseases periodically
emerge and these emergences reveal the complex dynam-
ical relationships among humans, pathogens and the
environment [1,2]. Connections between weather, cli-
mate and diseases are well established [3], with many dis-
eases occurring during certain seasons or erupting from
unseasonable flood or drought conditions [4]. With new
concerns about global warming, accompanied by greater
climate variability, many recent studies have focused on
disease fluctuations related to interannual climate oscilla-
tions (e.g., El Niño) (see [3,5-8]). One of the major under-
lying questions of these recent studies is: Are climatic
oscillations that occur at medium or low time frequency
responsible for global patterns of recent reemergence of
disease?
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Evidence for influence of climate on cholera dynamics in
Asia (Bangladesh) [5-7,9,10] and South America (Peru)
[6,11] has been published. Cholera, an ancient and devas-
tating acute diarrheal illness caused by the ingestion of
toxigenic Vibrio cholerae, occurs in widespread epidemics
that remain a major public health problem in many devel-
oping countries, most often localized in the intertropical
belt [12,13]. Studies usually have focused on the influence
of climate on cholera dynamics across regions of cholera
endemicity, mainly because they can provide environ-
mental or climatic factors that promote epidemics
through analysis of long-term historical records [5-
7,14,15]. In these regions, cholera dynamics display regu-
lar seasonal cycles and pronounced interannual variabil-
ity. In Bangladesh, as in Peru, nonstationary links have
been shown with climate interannual variability (e.g., the
El Niño event that occurs every 3–7 years) [5,7,16-18].
The question of what interannual climate variability trig-
gers the disease dynamics patterns in non-endemic chol-
era regions in Africa, however, remains unanswered.
Analyses of long-term climatic and epidemiological data
allow exploration of this issue at both the local (e.g.,
country) and regional scale (e.g., contiguous coastal coun-
tries). Africa appears to be the continent most affected by
the disease, with more than 95,000 cases reported in 2004
[12].
In this study, we provide a review of the spatiotemporal
patterns of cholera in five African countries on the tropical
Atlantic coast of Africa–Côte d'Ivoire, Ghana, Togo, Benin
and Nigeria–shown in Figure 1. We address the role of cli-
mate interannual variability on both global and local
scales (i.e., Indian Oscillation Index (IOI) and rainfall)
that has shaped incidence patterns within the area over
the past 20 years. IOI was used because climate variability
in the Indian Ocean is related to global climate change
[19] and rainfall has also been evoked to explain cholera
epidemic patterns [14,15,20]. We used wavelet analyses
and derived methods because these are useful mathemat-
ical tools to provide information on the evolution of the
periodic component over time and allow quantification
of non-stationary associations between time series [21-
24].
The new findings provided by this study are useful for the
development of an effective early warning system that is
based on climate data over an extended intertropical litto-
ral zone. In the future, it will be possible to integrate real-
time monitoring of oceanic regions, climate variability
and epidemiological and demographic population
dynamics to predict cholera outbreaks.
Methods
Cholera and climatic data
Epidemiological data corresponding to morbidity reports
between 1975 and 2002 were extracted from the Weekly
Epidemiological Record published by the World Health
Organization (WHO), available on the WHO website
[25]. Each report, corresponding to (i) the number of
morbidity cases and (ii) the beginning and ending dates
of the report, was entered into an internal database. The
general characteristics of the morbidity cases dataset are
summarized in Table 1. Since the dates between two
reports are not uniform, we transformed the data by linear
interpolation to obtain monthly data. For example, when
the period of WHO report was longer than one month, or
began one month and finished the following month or
later, e.g., March 15 to April 24, we proportionally attrib-
uted the number of morbidity cases over the total period
(March 15–April 24) based on the number of days in each
of the respective months, i.e., 17 days in March and 24
days in April. Globally, the actual number of cholera cases
is known to be much higher; the discrepancy is the result
of underreporting and other limitations of surveillance
systems, such as inconsistency in case definition and lack
of a standard vocabulary. Underreporting may also occur
due to fears of unjustified travel and trade-related sanc-
tions [26]. It is therefore paramount that effective public
health interventions, such as improved prevention,
hygiene and management of the environment, be imple-
mented in order to contain cholera outbreaks among vul-
nerable populations in high-risk areas. The
underreporting poses a serious problem for quantitative
analyzes. In this study, we chose to use the wavelet
method as a qualitative approach in order to describe the
periodicity of cholera epidemics, and thus the results are
less affected by underreporting issues.
Rainfall data were extracted from an historical monthly
precipitation data set, 1975 to 1996, available on the Cli-
mate Research unit website of the University of East
Anglia at Norwich (UK) [27]. Five zones were selected as
the most representative of human community settle-
ments, with most of the given country population concen-
trated near the coastline (see Figure 1). For three of the
five countries, we used a mean between rainfall time series
because these countries were related to two or more rain-
fall time series. We computed the mean for (i) Ghana
between Ghan132 and Ben270, (ii) Benin between
Ben270 and Ben201, and (iii) Nigeria between Ben201
and Nig037 rainfall time series.
The Indian Oscillation Index (IOI) [28] is based on the
variability in sealevel atmospheric pressure (SLP) between
Mahe in the Seychelles (4°S, 55°E) in the West Indian
Ocean, and Darwin (10°S, 130°E) in the East Indian
Ocean. It is realised by computing the differences betweenBMC Infectious Diseases 2007, 7:20 http://www.biomedcentral.com/1471-2334/7/20
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Table 1: Summary of the cholera cases dataset.
Country Total number of cases 
(1975–2002)
Total number of reports Number of reports 
interpolated (%)
Number of report lengths 
> 2 months (%)
Côte d'Ivoire 13,887 25 10 (40) 5 (20)
Benin 17,787 78 34 (43.6) 7 (9)
Ghana 55,261 135 64 (47.4) 20 (14.8)
Nigeria 106,272 79 33 (41.8) 16 (20.3)
Togo 9,970 42 25 (59.5) 6 (14.3)
Data were extracted from the Weekly Epidemiological Records published by the World Health Organization for the time period 1975–2002.
Map of the five West-African countries included in this study and selected areas of rainfall time series Figure 1
Map of the five West-African countries included in this study and selected areas of rainfall time series. Black 
squares represent the pixel of rainfall, 2.5 decimal degrees of latitude by 3.75 decimal degrees of longitude: (A) Cotiv021, (B) 
Ghan132, (C) Ben270, (D) Ben201 and (E) Nige037.BMC Infectious Diseases 2007, 7:20 http://www.biomedcentral.com/1471-2334/7/20
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the monthly standardized anomalies of SLP at both sites
(Mahe minus Darwin), from 1975 to 2002. IOI  warm
events (increase in the sea surface temperature and
strengthening of easterly winds at the equator) are associ-
ated with IOI values less than -1. In contrast, values greater
than +1 indicate cold events [29].
Wavelet Analysis: Pattern characterization of Cholera 
Epidemics and Climate Variability
Wavelet analysis [21,22], in contrast to Fourier analysis, is
useful for biological time series analyses, mainly because
of the non-stationarity (i.e., the oftenobserved changes in
the periodic behaviour) of such series. Wavelet analysis
allows detection of periodicity, as well as local variation
with time, indicating temporal evolution of the periodic
components [22]. Over the past five years, wavelet analy-
sis has increasingly been used in ecology [30,31] and epi-
demiology [8,21,32,33] to explore spatial and temporal
dynamics of disease.
In this study, we used wavelet analysis to determine the
significant oscillating modes of disease time series based
on wavelet decomposition and wavelet power spectra
[22], and we used the phase angles of the disease time
series analyses to characterize the pattern of epidemic syn-
chrony [8,21,24,33]. The pattern of disease outbreak syn-
chrony was tested and based on the comparison between
the observed distribution of the phase difference and that
obtained by bootstrapping. Wavelet coherency analyses
identified and quantified possible statistical associations
between the two time series, e.g., between the disease time
series and climatic indices. Coherency is roughly similar
to a classical correlation, but it is relevant to oscillating
components in a given frequency mode for a given time
period [8,33]. Statistical analyses were performed using
Matlab (version 6.5, The MathWorks, Naticks, Massachu-
setts, United States).
Results
Frequency, Synchronicity of Cholera Epidemics, and 
Climate Variability
The wavelet and global power spectra analyses of (i) chol-
era incidence across the five West African countries and
IOI time series, and (ii) rainfall time series are presented
in Figure 2 and in Figure 3, respectively. Periodicities for
all incidences and IOI time series during 1975–2002 were
detected even if transient. Notably, a common 2–5-year
periodicity was detected in all countries except for Côte
d'Ivoire, and a shift from 4- to 3 year periodicity for IOI
was found to have occurred between 1989 and 1994.
Analyses of rainfall interannual variability between 1975
and 1996 also highlight a common 3–5-year cycle among
all countries (Figure 3).
We extracted phase angles in different periodic bands
(between 2 and 5 years) to explore the common mode of
oscillations of cholera incidence and rainfall. Results (Fig-
ure 4-A) show that all incidence time series were synchro-
nous between 1989 and 1994, whatever the explored
periodic band, 1.8–2.5-year, 3–4-year, or 4–5-years.
Moreover, the observed synchrony between 1989 and
1994 was statistically significant for the three periodic
bands (Table 2). Similarly, Figure 4-B shows that all rain-
fall time series were synchronous during 1989 and 1994
for the 1.8–2.5 and 3–4 year periodic bands (Table 2).
Association Between Cholera Incidence and Climate 
Variability
Wavelet coherency between the time series for the three
sets of comparisons, incidence vs. rainfall, incidence vs.
IOI, and rainfall vs. IOI are shown for each country in Fig-
ure 5. IOI and rainfall during the early 1990's were signif-
icantly associated with cholera, except for Côte d'Ivoire, in
the 2- to 4-year periodic band.
Discussion
Cholera interannual periodicity and the link between
cholera dynamics and climate variability remain incom-
pletely understood and generally focused only on
endemic regions [7,9,14,15]. Pascual et al. [5] and Rodo et
al. [7] described a role of El Niño/Southern Oscillation in
the dynamics of cholera in Bangladesh. In addition, the
complex relationship between largescale climatic variabil-
ity and spatiotemporal patterns under local environmen-
tal conditions and weather contributes to the dynamics of
local pathogen populations in aquatic ecosystems [34],
and/or disease transmission [35,36]. In this context, using
a comparative approach developed for macroecology
applications [37], the relationship between cholera inci-
dence in five different African countries and climate inter-
annual variability was explored. Indeed, analyses of long-
term monthly disease time series underline both the com-
plex, nonstationary dynamics of cholera epidemics in
West Africa, and a relationship with large-scale climate
variability.
From 1989 to 1994, (i) four of five cholera dynamics (i.e.,
Benin, Ghana, Nigeria, and Togo), rainfall, and IOI dis-
played a significant 2- to 3-yr periodicity, (ii) cholera inci-
dence time series, as well as rainfall time series, were
highly synchronous across the five African countries, and
(iii) the same four of five incidence time series, rainfall
and IOI were significantly coherent in the 2- to 3-yr peri-
odic band. The 2- to 3-yr periodicity detected in this study
was in harmony with results obtained in Asia and in
South America [5,7,14]. This remarkable observed syn-
chrony between incidences in the Gulf of Guinea perfectly
matches the spatio-temporal synchrony of rainfall, sup-
porting a link between cholera epidemics and climaticBMC Infectious Diseases 2007, 7:20 http://www.biomedcentral.com/1471-2334/7/20
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Table 2: Results of the test of synchrony for incidence time series and rainfall between 1989 and 1994.
Periodic Band 1.8–2.5 years 3–4 years 4–5 years
Incidence Entropy = 0.7043
p-value < 0.0001
Entropy = 0.7407
p-value = 0.0004
Entropy = 0.7542
p-value = 0.0360
Rainfall Entropy = 0.7276
p-value < 0.0001
Entropy = 0.7091
p-value = 0.0041
Entropy = 0.6327
p-value = 0.0669
The test was realized in three different periodic bands and based on normalized entropy, 0 for flat distribution and a 1 for unimodal distribution.
Wavelet analyses of epidemiological time series for the five  countries and Indian Oscillation Index (IOI): (A) Côte  d'Ivoire, (B) Benin, (C) Ghana, (D) Nigeria, (E) Togo and (F)  IOI Figure 2
Wavelet analyses of epidemiological time series for 
the five countries and Indian Oscillation Index (IOI): 
(A) Côte d'Ivoire, (B) Benin, (C) Ghana, (D) Nigeria, 
(E) Togo and (F) IOI. Prior to wavelet analyses, incidence 
data were square-root-transformed in order to dampen 
extremes in variability. In addition, all the time series were 
normalized. For each time series: (i) the left panel illustrates 
incidence time series (square root transformed) and climatic 
index time series; (ii) the middle panel shows the wavelet 
power spectrum for the different series (xaxis: time in year; 
yaxis: period in year). The power is coded from low values, 
in white, to high values, in black. The black dashed lines show 
the α = 5% significance level computed on 1,000 boot-
strapped series. The inside area within the cone of influence 
(black line) indicates the region not influenced by edge 
effects. (iii) The right panel corresponds to the global wavelet 
spectrum (black line) with its significant threshold value of 5% 
(dashed line).
Wavelet analyses of the rainfall time series: (A) Cotiv021, (B)  mean between Ghan132 and Ben270, (C) Ben270, (D) mean  between Ben270 and Ben201, and (E) mean between Ben201  and Nige037 Figure 3
Wavelet analyses of the rainfall time series: (A) 
Cotiv021, (B) mean between Ghan132 and Ben270, 
(C) Ben270, (D) mean between Ben270 and Ben201, 
and (E) mean between Ben201 and Nige037. To 
deseasonalize the rainfall time series we removed all oscillat-
ing components with period less than 12 months using a low-
pass Gaussian filter. In addition, all time series were normal-
ized. For each time series, (i) the left panel displays rainfall 
time series. The solid and dense lines correspond to the raw 
time series and the deseasonalized time series, respectively. 
(ii) The middle panel shows the wavelet power spectrum for 
the different series (xaxis: time in year; yaxis: period in year). 
The power is coded from low values, in white, to high values, 
in black. The black dashed lines show the α = 5% significance 
level computed on 1,000 bootstrapped series. The inside 
area within the cone of influence (black line) indicates the 
region not influenced by edge effects. (iii) The right panel 
corresponds to the global wavelet spectrum (black line) with 
its significant threshold value of 5% (dashed line).BMC Infectious Diseases 2007, 7:20 http://www.biomedcentral.com/1471-2334/7/20
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Pattern of synchrony obtained from phase evolutions of (A) cholera time series between the five countries during 1975–2002  and (B) five selected rainfall time series during 1975–1996 Figure 4
Pattern of synchrony obtained from phase evolutions of (A) cholera time series between the five countries 
during 1975–2002 and (B) five selected rainfall time series during 1975–1996. For the left panels (A): the red dotted 
line is Benin, the cyan solid line is Côte d'Ivoire, the red dashed line is Ghana, the black solid line represents Nigeria, and the 
blue dotted line is Togo; (B): the red dotted line is Ben201, the cyan solid line is Ben270, the red dashed line is Ghan110, the 
black solid line represents Ghan132, the blue dotted line is Cotiv21, and the blue dotted line is Nige037. For both cholera (A) 
and rainfall (B), the right panels represent the distributions of phase differences between 1989 and 1994, illustrated by a black 
dashed square in the left panels; analyses were computed with the wavelet transform in three periodic bands: (1) 1.8–2.5 years, 
(2) 2–3 years, and (3) 4–5 years.BMC Infectious Diseases 2007, 7:20 http://www.biomedcentral.com/1471-2334/7/20
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Coherency analysis between cholera incidence, rainfall, and IOI across five countries: (A) Côte d'Ivoire, (B) Ghana, (C) Togo,  (D) Benin, and (E) Nigeria Figure 5
Coherency analysis between cholera incidence, rainfall, and IOI across five countries: (A) Côte d'Ivoire, (B) 
Ghana, (C) Togo, (D) Benin, and (E) Nigeria. For each country, incidence data were square-root transformed (SQRT) to 
rescale the variance. We obtained mean between selected rainfall time series for three countries: Ghana, mean between 
Ghan132 and Ben270, Benin mean between Ben270 and Ben201, and Nigeria mean between Ben201 and Nige037. To desea-
sonalize the rainfall time series all oscillating components with period less than 12 months were removed using a low-pass 
Gaussian filter. In addition, all series were normalized. Coherency analyses presented are, from left to right: incidence SQRT 
data vs rainfall, incidence SQRT data vs IOI, and rainfall vs IOI. In the coherence power spectra (x-axis: time in year; y-axis: 
period in year), power is coded from low value, in dark blue, to high value, in dark red. The white dashed lines show α = 5% 
and α = 10% significance levels, computed on 1,000 bootstrapped series. The inner area, within the cone of influence (black 
line), indicates the region not influenced by edge effects.BMC Infectious Diseases 2007, 7:20 http://www.biomedcentral.com/1471-2334/7/20
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variability. Indeed, the influence of rainfall increase on
cholera incidence can best be explained by flood waters
on disease transmission [15]. Furthermore, the coherency
between disease incidence, rainfall and climate variability
in the Indian Ocean describes a direct or indirect link, as
reported by Rodo et al. for Bangladesh.
On the other hand, the Côte d'Ivoire showed no periodic-
ity between 1987 and 1994, and a lack of coherency
between incidence and two climatic variables (rainfall
and IOI). This could be explained by interaction between
the two main drivers of the disease, namely, extrinsic fac-
tors such as variability in climate or health policy, and
intrinsic factors, such as the patterns of immunity in
human population. Koelle et al. [15] explored interannual
cholera cycles in Bangladesh and highlighted the critical
interplay of environmental forcing and temporary immu-
nity. Even if local environmental conditions such as rain-
fall or ambient temperature, influenced by global climate
variability, initiate an outbreak, an observed coherency
between IOI and rainfall in Côte d'Ivoire, the refractory
period of the disease dynamic, when the population of
susceptibles is low, can prevent outbreaks. Furthermore,
sanitary conditions and access to health care centers
reduce the susceptible population size and transmission
probability, thus resulting in a decline in the sensitivity of
cholera dynamics to climate variability.
In fact, the question raised from the results of this study
concerns the dynamics of cholera: Is synchronization of
cholera a response of local populations, according to eco-
logical theory, to climate interannual variability? The
presence of global synchrony among the countries for
cholera, a disease highly susceptible to climatic factors,
supports the hypothesis of a common external forcing,
namely climatic factors, explaining synchronicity, and
supporting a key prediction of the Moran theorem [38], a
phenomenon described in population biology [38-41]
and in epidemiology [8,42]. The hypothesis consists of an
intricate, hierarchical mechanism with climatic variability
at a large scale quantified by IOI at the origin of the syn-
chronization of both the cholera incidence and rainfall
over all of the West African countries included in this
study. Indeed, Janicot (1997) described that empirical
studies have shown that warm El Niño/Southern Oscilla-
tion (ENSO) episodes are associated with the intertropical
convergence zone (ITCZ) over the tropical Atlantic which
is related to the rainfall in West Africa. It is also likely that
many other factors, e.g., the level of poverty and human
population density, influence the spatial and temporal
distribution of cholera [13,36,43], but perhaps now, chol-
era dynamics are more strongly associated with climate
[9,14,44,45]. [46]
Conclusion
In conclusion, besides the two inter-tropical regions of the
world, Asia and South America, global climate change
may well impact cholera diseases in many other parts of
the inter-tropical zone [5,7,8,14,15]. The study reported
here is an important step toward a long-term study of the
spatial and temporal dynamics of cholera in Africa at the
regional level. The main perspective of this work should
be to focus on a local scale, as has been done in Bangla-
desh, using collected data from diarrhoeal surveillance
programs in selected African areas. The benefit of the pre-
cision of this type of study will open a new field of
research and allow a reliable model for cholera predic-
tions [14,15,45,47,48]. Development in the near future of
a concrete and useful plan of action for health policy
should be based coupling both realistic epidemiological
models, including intrinsic factors such as level of immu-
nity or cross immunity of the population, and environ-
mental parameters monitored by remote sensing, such as
sea surface temperature, sea surface height or land surface
temperature [10,15,49].
Competing interests
The author(s) declare that they have no competing inter-
ests.
Authors' contributions
GCdM contributed to the conception and design of the
study, to acquisition of data, performed the statistical
analysis and interpretations, and wrote the draft and final
versions of the manuscript. J-FG participated in the con-
ception and design of the study and in the acquisition of
funding, and helped write the draft and final versions of
the manuscript. MP helped to acquire data and to draft the
manuscript. BC contributed to the conception and design
of the study, helped to perform the statistical analyses and
interpretations, and helped write the draft and final ver-
sions of the manuscript. All authors read and approved
the final manuscript.
Acknowledgements
The work was supported by a "Gestion et Impacts du Changement Clima-
tique" grant (CHOLCLIM) from the French Ministry of Ecology and Sustain-
able Resource (FMESR). GCdM thanks the French authorities and the 
Centre National d'Etudes Spatiales (CNES) for PhD fellowships. BC is sup-
ported by the Centre National de la Recherche Scientifique (CNRS). J-FG 
thanks both the Institut de Recherche pour le Développement (IRD) and 
the CNRS. We gratefully acknowledge Dr Arthur Delcher of the Center 
for Bioinformatics and Computational Biology, University of Maryland, for 
his useful comments on manuscript.
References
1. Morens DM, Folkers GK, Fauci AS: The challenge of emerging
and re-emerging infectious diseases.  Nature 2004, 430:242-249.
2. Woolhouse MEJ, Haydon DT, Antia R: Emerging pathogens: the
epidemiology and evolution of species jumps.  Trends in Ecology
& Evolution 2005, 20:238-244.BMC Infectious Diseases 2007, 7:20 http://www.biomedcentral.com/1471-2334/7/20
Page 9 of 9
(page number not for citation purposes)
3. Patz JA, Campbell-Lendrum D, Holloway T, Foley JA: Impact of
regional climate change on human health.  Nature 2005,
438:310-317.
4. Patz JA, Epstein PR, Burke TA, Balbus JM: Global climate change
and emerging infectious diseases.  Jama 1996, 275:217-223.
5. Pascual M, Rodo X, Ellner SP, Colwell R, Bouma MJ: Cholera
dynamics and El Nino-Southern Oscillation.  Science 2000,
289:1766-1769.
6. Colwell RR: Global climate and infectious disease: the cholera
paradigm.  Science 1996, 274:2025-2031.
7. Rodo X, Pascual M, Fuchs G, Faruque AS: ENSO and cholera: a
nonstationary link related to climate change?  Proc Natl Acad Sci
U S A 2002, 99:12901-12906.
8. Cazelles B, Chavez M, McMichael AJ, Hales S: Nonstationary influ-
ence of El Nino on the synchronous dengue epidemics in
Thailand.  PLoS Med 2005, 2:e106.
9. Bouma MJ, Pascual M: Seasonal and interannual cycles of
endemic cholera in Bengal 1891-1940 in relation to climate
and geography.  Hydrobiologia 2001, 460:147-156.
10. Lobitz B, Beck L, Huq A, Wood B, Fuchs G, Faruque AS, Colwell R:
Climate and infectious disease: use of remote sensing for
detection of Vibrio cholerae by indirect measurement.  Proc
Natl Acad Sci U S A 2000, 97:1438-1443.
11. Speelmon EC, Checkley W, Gilman RH, Patz J, Calderon M, Manga S:
Cholera incidence and El Nino-related higher ambient tem-
perature.  Jama 2000, 283:3072-3074.
12. World Health Organization: Cholera, 2004.  Weekly Epidemiological
Record 2005, 80:261-268.
13. Faruque SM, Albert MJ, Mekalanos JJ: Epidemiology, genetics, and
ecology of toxigenic Vibrio cholerae.  Microbiol Mol Biol Rev 1998,
62:1301-1314.
14. Pascual M, Bouma MJ, Dobson AP: Cholera and climate: revisit-
ing the quantitative evidence.  Microbes Infect 2002, 4:237-245.
15. Koelle K, Rodo X, Pascual M, Yunus M, Mostafa G: Refractory peri-
ods and climate forcing in cholera dynamics.  Nature 2005,
436:696-700.
16. Lama JR, Seas CR, Leon-Barua R, Gotuzzo E, Sack RB: Environmen-
tal temperature, cholera, and acute diarrhoea in adults in
Lima, Peru.  J Health Popul Nutr 2004, 22:399-403.
17. Salazar-Lindo E, Pinell-Salles P, Maruy A, Chea-Woo E: El Nino and
diarrhoea and dehydration in Lima, Peru.  Lancet 1997,
350:1597-1598.
18. Checkley W, Epstein LD, Gilman RH, Figueroa D, Cama RI, Patz JA,
Black RE: Effect of El Nino and ambient temperature on hos-
pital admissions for diarrhoeal diseases in Peruvian children.
Lancet 2000, 355:442-450.
19. Saji NH, Goswami BN, Vinayachandran PN, Yamagata T: A dipole
mode in the tropical Indian Ocean.  Nature 1999, 401:360-363.
20. Simanjuntak CH, Larasati W, Arjoso S, Putri M, Lesmana M, Oyofo
BA, Sukri N, Nurdin D, Kusumaningrum RP, Punjabi NH, Subekti D,
Djelantik S, Sukarma, Sriwati, Muzahar, Lubis A, Siregar H, Mas'ud B,
Abdi M, Sumardiati A, Wibisana S, Hendarwanto, Setiawan B, Santoso
W, Putra E, Sarumpaet S, Ma'ani H, Lebron C, Soeparmanto SA,
Campbell JR, Corwin AL: Cholera in Indonesia in 1993-1999.  Am
J Trop Med Hyg 2001, 65:788-797.
21. Grenfell BT, Bjornstad ON, Kappey J: Travelling waves and spa-
tial hierarchies in measles epidemics.  Nature 2001,
414:716-723.
22. Torrence C, Compo GP: A practical guide to wavelet analysis.
Bull Am Meteorol Soc 1998, 79:61-78.
23. Lau KM, Weng H: Climatic signal detection using wavelet
transform: How to make a time series sing.  Bull Am Meteorol
Soc 1995, 76:2391-2402.
24. Cazelles B, Chavez M, Constantin de Magny G, Guégan JF, Hales S:
Time-dependent spectral analysis of epidemiological time-
series with wavelets.  J R Soc Interface 2007:FirstCite.
25. World Health Organization: Weekly Epidemiological Record
(WER).   [http://www.who.int/wer/en].
26. World Health Organization: Cholera, 2005.  Weekly Epidemiological
Record 2006, 81:297-308.
27. Hulme M: Datasets/Global Precipitation.   [http://
www.cru.uea.ac.uk/~mikeh/datasets/global/].
28. Marsac F, Le Blanc JL: Interannual and ENSO-associated varia-
bility of the coupled ocean-atmosphere system with possible
impacts on the yellowfin tuna fisheries of the Indian and
Atlantic oceans.  International Commission for the Conservation of
Atlantic Tunas Collective Volume of Scientific Papers 1998, 50:345-377.
29. Marsac F: Climate and oceanographic indices appraising the
environmental fluctuations in the Indian Ocean.  Indian Ocean
Tuna Commission Proceedings 2001, 4:293-301.
30. Ranta E, Kaitala V: Travelling waves in vole population dynam-
ics.  Nature 1997, 390:456-456.
31. Sherratt JA: Periodic travelling waves in cyclic predator-prey
systems.  Ecol Lett 2001, 4:30-37.
32. Rohani P, Green CJ, Mantilla-Beniers NB, Grenfell BT: Ecological
interference between fatal diseases.  Nature 2003, 422:885-888.
33. Broutin H, Guégan JF, Elguero E, Simondon F, Cazelles B: Large-
scale comparative analysis of pertussis population dynamics:
periodicity, synchrony, and impact of vaccination.  Am J Epide-
miol 2005, 161:1159-1167.
34. Singleton FL, Attwell R, Jangi S, Colwell RR: Effects of temperature
and salinity on Vibrio cholerae growth.  Appl Environ Microbiol
1982, 44:1047-1058.
35. Lipp EK, Huq A, Colwell RR: Effects of global climate on infec-
tious disease: the cholera model.  Clin Microbiol Rev 2002,
15:757-770.
36. Faruque SM, Naser IB, Islam MJ, Faruque AS, Ghosh AN, Nair GB,
Sack DA, Mekalanos JJ: Seasonal epidemics of cholera inversely
correlate with the prevalence of environmental cholera
phages.  Proc Natl Acad Sci U S A 2005, 102:1702-1707.
37. Brown JH: Macroecology.  Chicago, University of Chicago Press;
1995:xiii, 269. 
38. Moran PA: The statistical analysis of the Canadian lynx cycle.
II. Synchronisation and meteorology.  Aust J Zool 1953,
1:291-298.
39. Post E, Forchhammer MC: Spatial synchrony of local popula-
tions has increased in association with the recent Northern
Hemisphere climate trend.  Proc Natl Acad Sci U S A 2004,
101:9286-9290.
40. Bjornstad ON, Ims RA, Lambin X: Spatial population dynamics:
analyzing patterns and processes of population synchrony.
Trends Ecol Evol 1999:427-432.
41. Hudson PJ, Cattadori IM: The Moran effect: a cause of popula-
tion synchrony.  Trends Ecol Evol 1999, 14:1-2.
42. Zhou G, Minakawa N, Githeko AK, Yan G: Association between
climate variability and malaria epidemics in the East African
highlands.  Proc Natl Acad Sci U S A 2004, 101:2375-2380.
43. Ali M, Emch M, Donnay JP, Yunus M, Sack RB: The spatial epidemi-
ology of cholera in an endemic area of Bangladesh.  Social Sci-
ence & Medicine 2002, 55:1015-1024.
44. Colwell RR, Huq A: Marine ecosystems and cholera.  Hydrobio-
logia 2001, 460:141-145.
45. Koelle K, Pascual M, Yunus M: Pathogen adaptation to seasonal
forcing and climate change.  Proc Biol Sci 2005, 272:971-977.
46. Janicot S: Impact of warm ENSO events on atmospheric cir-
culation and convection over the tropical Atlantic and West
Africa.  Annales Geophysicae 1997, 15:471-475.
47. Constantin de Magny G, Paroissin C, Cazelles B, de Lara M, Delmas
JF, Guégan JF: Modeling environmental impacts of plankton
reservoirs on cholera population dynamics.  In CEMRACS 2004
- Mathematics and applications to biology and medicine Volume 14. Edited
by: Gerbeau ECJF. Paris, EDP Sciences; 2005:156-173. 
48. Codeco CT: Endemic and epidemic dynamics of cholera: the
role of the aquatic reservoir.  BMC Infect Dis 2001, 1:1.
49. Constantin de Magny G, Cazelles B, Guégan JF: The cholera threat
to humans in Ghana is influenced by both global and regional
climatic variability.  EcoHealth 2006, 3:223-231.
Pre-publication history
The pre-publication history for this paper can be accessed
here:
http://www.biomedcentral.com/1471-2334/7/20/prepub